We show that the electronic structure of molecular first-row transitionmetal complexes can be reliably measured using tabletop high-harmonic XANES at the metal M 2,3 edge. Extreme ultraviolet photons in the 50−70 eV energy range probe 3p → 3d transitions, with the same selection rules as soft X-ray L 2,3 -edge absorption (2p → 3d excitation). Absorption spectra of model complexes are sensitive to the electronic structure of the metal center, and ligand field multiplet simulations match the shapes and peak-to-peak spacings of the experimental spectra. This work establishes highharmonic spectroscopy as a powerful tool for studying the electronic structure of molecular inorganic, bioinorganic, and organometallic compounds.
X -ray absorption near edge spectroscopy (XANES or NEXAFS) is a powerful technique for measuring the electronic structure of transition-metal complexes and has played a pivotal role in elucidating the structure and function of metalloproteins, 1 coordination complexes, 2 semiconductors, 3 and catalysts. 4 First-row transition metals are most commonly studied at the K edge (5−10 keV), corresponding to 1s → valence transitions. Dipole selection rules allow excitation into molecular orbitals with contributions from the metal 4p orbitals, while a quadrupole transition allows direct 1s → 3d excitation and is sensitive to the symmetry and covalency of the metal center. Oscillations of the absorption above the edge provide a high-resolution structural probe of the local environment via extended absorption fine structure (EXAFS) spectroscopy. L 2,3 -edge absorption measures dipole-allowed 2p → 3d transitions in the 500−1000 eV region. This edge provides stronger absorption than the K edge, greater sensitivity to spin states, and narrower line widths due to a longer core-hole lifetime. These advantages are balanced by a shorter penetration depth (∼1 μm) and the need for a highvacuum sample environment to avoid absorption by air. Timeresolved versions of each of these techniques have been used to determine the structure of short-lived intermediates in catalytic and photochemical systems. 5−9 K-edge and L 2,3 -edge spectroscopy are generally performed using synchrotron radiation or free-electron laser facilities, with the latter providing femtosecond time resolution and extremely high flux. Over the past 10 years, the development of tabletop extreme ultraviolet (XUV) and X-ray light sources has enabled core-level spectroscopy to be performed on femtosecond to attosecond time scales. 10−16 High-energy OPCPA instruments can reach keV energies using high-harmonic generation (HHG) or metal plasma techniques. 17, 18 HHG using few-millijoule Ti:sapphire lasers can routinely produce XUV photons in the 50−100 eV spectral range corresponding to the M 2,3 edge, or 3p → 3d transition, of first-row transition metals. Given the ubiquity of such lasers in ultrafast laboratories and the availability of femtosecond XUV free-electron lasers such as FLASH, 19 we sought to explore whether spectroscopy in this underexplored region could complement more established techniques at the K and L edges. The oscillator strength at the M edge is ∼10 times higher than at the L edge and 1000 times higher than at the K edge. This is potentially advantageous for pump/probe spectroscopy because the penetration depth for the visible pump and XUV/X-ray probe are better matched. 14 In this work, we demonstrate that M 2,3-edge XANES can reliably measure the electronic structure of first-row transitionmetal coordination complexes. Furthermore, simulations of the spectra, using a semiempirical ligand field multiplet method developed for the L 2,3 edge, provide excellent qualitative matches to the experimental data. This work considerably extends the scope of XUV spectroscopy and establishes it as a potentially transformative tool for mainstream research in inorganic, bioinorganic, and organometallic chemistry.
Extreme ultraviolet photons are produced through the process of high-harmonic generation. 20, 21 As shown in Figure  1 , a Ti:sapphire laser (800 nm, 4 mJ, 35 fs, 1 kHz) is focused into a semi-infinite gas cell 22 containing Ne gas, where the intense electromagnetic field at the focal point ionizes the Ne, accelerates the free electrons, then drives them back into the ionized atoms. This process produces ∼20 fs pulses of XUV photons in the 45−100 eV energy range. A Si mirror followed by an Al foil block the residual 800 nm light and XUV photons above 72 eV. At the sample, the flux is ∼10 6 photons/s/0.1 eV, approximately a factor of 10 8 lower than that of undulator beamlines at storage rings. After passing through the sample, the light is dispersed by a grating onto an array CCD, allowing a full spectrum to be collected at once. The entire system fits onto a 10-by-22 foot L-shaped laser table.
As shown in Figure 2A , high-harmonic generation produces a broad XUV continuum with peaks at odd harmonics of the 800 nm driving field (every 3.1 eV). A raw absorption spectrum (sample minus blank, see Supporting Information) consists of resonant features at the metal M 2,3 edge on top of a broad nonresonant sloping background caused by photoionization of metal and ligand valence electrons ( Figure 2B ). The spectra shown are the average of three to four spectra collected on different days, each collected in 1 to 5 min (day-to-day fluctuations are shown in Figure S7 ). The low-energy region below the absorption edge is fit to a power law, and this baseline is subtracted. Finally, for ease of comparison between species, each spectrum is normalized to 1 at the highest point. More rigorous normalization, as performed for L-edge spectra using both the pre-edge and post-edge intensity, 23 is difficult due to the Fano line shape (see below) and the experimental cutoff at 72 eV. Sum rules dictate that the total integrated absorption is proportional to the number of unoccupied d orbitals, so a more detailed treatment of normalization could help to confirm the oxidation state assignments described below.
Five model complexes (Chart 1) have been chosen to demonstrate the sensitivity of M-edge XANES to the metal identity, oxidation state, spin state, and ligand field. Samples are deposited as ∼100 nm thick films on 100 nm Si 3 N 4 substrates. Experimental and simulated spectra of the model complexes are shown in Figure 3 . Simulated spectra are computed using the ligand-field multiplet (LFM) model that takes into account angular momentum coupling between 3d electrons and the 2p/3p core hole. This model has been widely used to treat L 2,3 edge spectra, 3 and has been applied to a handful of M 2,3 -edge spectra of inorganic complexes. 24−27 The crystal field splitting parameter 10Dq for each complex was taken from UV/visible data or L 2,3 -edge studies. Calculated spectra are broadened with a Gaussian function to account for the spectrometer resolution (σ = 0.2 eV), with a Fano line shape to account for interference between direct 3d photoionization and 3p3d3d Auger emission (q = 3.5) 26 and with a Lorentzian function to account for the intrinsic lifetime of each final state. These lifetimes are calculated directly, assuming that the predominant decay pathway is Auger emission. Absolute transition energies calculated by the LFM method carry systematic errors of 1−5 eV. The Fe spectra have been shifted by +3.3 eV to match the highest peak in 5 Fe II Tren(6-MePy) 2+ , but the two simulations have not been shifted relative to each other. The Co simulations have not been shifted from the calculated energy scale. In future work we will calibrate these shifts using additional model complexes. Further details are provided in the Supporting Information.
The spectra of the octahedral complexes 5 Fe II Tren(6-MePy) 2+ and 1 Fe II Tren(Py) 3 2+ in Figure 3A show the sensitivity of M-edge XANES to spin state. 1 Fe II Tren(Py) 3 2+ is low-spin, whereas 5 Fe II Tren(6-MePy) 3 2+ is high-spin; in the latter, the methyl groups on the pyridyl rings distort the coordination geometry and weaken the ligand field. These two complexes straddle the high-spin/low-spin crossover point for octahedral d 6 complexes and have previously been used as models in studies of photoinduced spin switching. 28 The experimental spectrum of 5 Fe II Tren(6-MePy) 3 2+ contains a peak at 57.6 eV, with a possible low energy shoulder at 55.6 eV. 
Chart 1. Model Complexes
The Journal of Physical Chemistry Letters Letter The spectrum of low-spin 1 Fe II Tren(Py) 3 2+ is blue-shifted by ∼2.5 eV (as judged by the energy of the rising edge at half height), with a small shoulder at 55.2 eV and peaks at 59.0, 61.6, and 67.4 eV. A similar blue shift is seen at the L 2,3 -edge between high-and low-spin octahedral Fe II complexes and is attributed to greater exchange stabilization of the core hole in the high-spin case. 8, 25 The simulated spectrum of high-spin 5 Fe II Tren(6-MePy) 3
2+
in Figure 3B contains a shoulder at 55.6 eV and a peak at 57.6. This reasonably matches the shoulder-to-peak spacing seen experimentally, although the shoulder is significantly stronger and better resolved in the simulation. The simulated spectrum of low-spin 1 Fe II Tren(Py) 3 2+ shows a weak shoulder at 55.9 eV and peaks at 58.6, 61.2, and 64.6 eV. For this complex, the general shape of the calculated spectrum matches that seen experimentally, although the peak-to-peak spacing is compressed in the simulation relative to the experiment. Note that the 3p 1/2 and 3p 3/2 core-hole levels are separated by <1 eV, so separate M 2 and M 3 edges are not observed (unlike the L 2 and L 3 edges). Detailed assignments of the absorption peaks are given in the Supporting Information.
The spectra of the octahedral complexes 4 Co II (Tp) 2 and 1 Co III (acac) 3 in Figure 3C show the sensitivity of M-edge XANES to oxidation state. The spectrum of 4 Co II (Tp) 2 has a peak at 62.4 eV with a well-defined low-energy shoulder at 59.8 eV. The spectrum of 1 Co III (acac) 3 is blue-shifted by ∼3 eV, with peaks at 64.7 and 67.4 eV; a possible third peak is seen at 71 eV. The 3p binding energy in Co III complexes is ∼1 eV greater than that of Co II , 29, 30 so the 3 eV blue-shift shift is likely due to the additive effect of the oxidation state and spin state changes. The edge shift due to spin state changes is similar in magnitude to the shift from oxidation state changes, so both peak position and shape must be used for electronic state assignment. Within a given oxidation and spin state, changes in molecular structure may also shift the edge. However, the rough spectral shape and position is fairly robust, as shown in Figure S1 for additional model complexes (Bu 4 N) 2 (Co II Cl 4 ) and [Co III (Tp) 2 ]Br. Future work will explore the sensitivity of M-edge XANES to small changes in symmetry, ligand field strength, and covalency. Note that the spectrum of d 6 low-spin 1 Fe II Tren(Py) 3 2+ is red-shifted by 5 eV from that of the isoelectronic 1 Co III (acac) 3 , showing the element specificity at this edge.
The shapes of the 4 Co II (Tp) 2 and 1 Co III (acac) 3 spectra are reproduced well in the ligand field multiplet simulations shown in Figure 3D , although the blue shift upon oxidation is exaggerated. The 4 Co II (Tp) 2 simulation consists of a main peak at 60.9 eV with a low-energy shoulder at 58.1 eV; the shoulder- The Journal of Physical Chemistry Letters Letter peak separation of 2.8 eV is an excellent match for the experimental value of 2.7 eV The simulation of 1 Co III (acac) 3 shows a sharp rise, followed by three peaks at 64.8, 67.7, and 71.3 eV. As with 4 Co II (Tp) 2 , these are close matches to the experimental data. All of the simulations in this work underestimate the absorption intensity at high energy due to neglect of 3p photoionization, as discussed in Section 4 of the Supporting Information. Figure 3E ,F shows the ligand field sensitivity of M-edge XANES by comparing the spectrum of octahedral 4 Co II (Tp) 2 with that of square-planar 2 Co II OEP. Although the rising edges of both complexes begin at 57.6 eV, the latter shows a strong, well-defined peak at 59.4 eV, followed by peaks at 63.2 and 67.4 eV. The differences seen experimentally in the spectra of the two complexes are again reproduced in the simulations ( Figure  3D ). Note that the change in ligand field symmetry is accompanied by a change in the spin state of the complex.
The sensitivity of M-edge spectroscopy to the electronic structure of first-row transition-metal complexes was predicted as early as 1991 25 and observed in transition-metal oxides [14] [15] [16] 31 and halides 26, 27 but until now has not been demonstrated in molecular systems. There are two fundamental challenges to absorption spectroscopy at the M edge, as compared to the L and K edges. First, the penetration depth of XUV photons is an order of magnitude lower than that of soft X-rays due to photoionization of valence electrons (this is the downside to the high oscillator strength discussed earlier as a benefit for pump−probe spectroscopy). Although the low penetration depth of XUV photons was not a major roadblock for studying inorganic solids with a high metal-to-nonmetal ratio, [14] [15] [16] 31 the complexes studied here contain one metal atom per ∼30 ligand atoms, all of which attenuate the XUV beam. Second, 3p core holes have Auger lifetimes of <1 fs due to the large 3p3d3d overlap integral (super Coster−Kronig transition). 32 M-edge absorption peaks therefore have intrinsic line widths of 1 to 2 eV, which are twice as broad as L 2,3 -edge absorption peaks. Overlap between broad peaks might be expected to smear out any identifying features in the spectra.
This work shows that these disadvantages can be overcome and that the weak resonant signal from the metal can be successfully isolated from the strong nonresonant background ( Figure 2B ). Multiple peaks or shoulders are observed in the spectra, showing that the inherently large line widths at this edge do not impede identification of the electronic structure of molecular complexes. The position of the absorption edge is sensitive to the oxidation state and spin state of the complex as well as the identity of the ligands, with shifts consistent with those seen at L and K edges. Ligand field multiplet simulations provide excellent qualitative matches with the experimental results, and in all cases but 1 Fe II Tren(Py) 3 2+ the peak-to-peak spacings are within a few tenths of an electronvolt of the experimental values. Addition of charge-transfer effects, finetuning of the ligand field parameters, and calibration of the calculated edge positions may improve the accuracy of the simulations, although the Fano line shape will pose a challenge in the post-edge region. Ab initio calculations have shown excellent results for both K-edge 33, 34 and L-edge spectra, 35, 36 and the latter codes should be transferable to the M edge.
This work opens the possibility of M-edge XANES as a routine characterization technique for the inorganic, bioinorganic, and organometallic communities. The oxidation state, spin state, and ligand field symmetry of transition-metal complexes can be measured in minutes using instrumentation accessible to most ultrafast spectroscopy laboratories. Finally, the inherent femtosecond time resolution of this technique will enable transition-metal photophysics to be measured on ultrafast time scales. Such studies have already been performed on transition-metal oxides 14−16 and may now be extended to molecular complexes relevant to light harvesting and catalysis.
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jpclett.6b01393.
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